The sympathetic nervous system is a major mediator of heart function. Intercalated discs composed of desmosomes, adherens junctions, and gap junctions provide the structural backbone for coordinated contraction of cardiac myocytes.
T he myocardium predominantly consists of cardiac myocytes, which require strong coupling to maintain heart function. Adjacent cardiac myocytes are linked via intercalated discs (ICDs) consisting of desmosomes, adherens junctions, and gap junctions. 1 Desmosomes, together with adherens junctions, provide cardiac myocyte cohesive strength necessary for strong mechanical coupling. They consist of the transmembrane adhesion molecules desmoglein 2 (Dsg2) and desmocollin 2 (Dsc2), which are linked to the desmin intermediate filament system via the plaque proteins Pg (plakoglobin), Pkp2 (plakophilin 2), and Dp (desmoplakin). 2 The adhesion molecule of the adherens junction-the classical cadherin N-cadherin (N-Cad)-is linked to the actin filament cytoskeleton via α-catenin and β-catenin. 3 However, in adult myocardium, components of desmosomes and adherens junctions are predominantly intermingled in a mixed type of junction referred to as area composita. 4 Gap junctions are composed of connexins, of which connexin 43 (Cx43) is most abundant. Connexins of adjacent cardiac myocytes form a pore to provide the exchange of ions and other small molecules. 1 It is known that the components of the ICD act as a functional unit, and the desmosomal components are crucial for ICD integrity. 1, 5 For instance, desmosomal components, such as Dp, Dsg2, Pkp2, and Pg, regulate gap junction formation, anchorage, and expression. [5] [6] [7] [8] [9] [10] Additionally, the voltage-gated sodium channel with its subunit Na v 1.5 is located at the ICD, and its association with desmosomal components like Dsg2 and Pkp2 seems to be important for current density and sodium channel properties. [11] [12] [13] This is reflected by the dramatic effect of mutations in ICD molecules, causing arrythmogenic cardiomyopathy, a disease associated with arrhythmias, leading to sudden cardiac death among young people. 1, 14 Recent data indicate that Dsg2 binding is important because cardiac myocyte-specific depletion of Dsg2 or its adhesive domain caused heart failure, and interfering with Dsg2-adhesion reduced basal and cAMPstimulated heart rate. 5, 15 Despite their biological significance, binding forces of adhesion molecules in ICDs, such as Dsg2, as well as their regulation, are unknown.
The sympathetic nervous system via its second messenger cAMP modulates heart function by induction of positive inotropic, lusitropic, chronotropic, dromotropic, and bathmotropic effects. 16, 17 Increased conduction velocity and gating function, for instance, is a result of enhanced expression of gap junction proteins driven by sympathetic signaling. [18] [19] [20] Recent data demonstrated that the β-adrenergic receptor is also located at the ICD and showed desmosomal adhesion to be crucial for sufficient adaption of cardiac myocytes to β-adrenergic signaling. 5 In the current study, we provide first evidence that sympathetic signaling vice versa enhances cardiac myocyte cohesion in a positive adhesiotropic manner by recruiting Dsg2 to and strengthening of ICDs, a process dependent on Pg expression and phosphorylation at serine 665 by protein kinase A (PKA).
Methods
For full methods, refer to the Online Data Supplement.
Dissociation Assay Ex Vivo
Cardiac slices were transferred to cardiac slices medium and incubated with indicated mediators. To avoid interference because of different size or location in the heart, consecutive slices were used for controls and treatment, respectively. After incubation, slices were transferred to dissociation buffer (liberase DH 0.065U/mL; Roche, Mannheim, Germany; and dispase II 2.5U/mL; Sigma-Aldrich, Munich, Germany) in Hanks' balanced saline solution (AppliChem, Darmstadt, Germany) and incubated at 37°C for 25 min. Slices were subjected to mechanical shear stress by repeatedly pipetting up and down with an electric pipette for a defined number of times. The amount of intact viable single cardiac myocytes in 5 crosswise-located fields of view were counted after settling of cells. The viable cells were identified via an inverted microscope by an intact sarcomere system, spontaneous contractility, and typical appearance. Viability was double-checked by thiazolyl blue tetrazolium bromide staining (Sigma-Aldrich).
Statistics
For comparison of 2 independent sample groups, 2-tailed unpaired Student's t test was performed. In case of multiple group comparisons, 1-way analysis of variance followed by Bonferroni's post hoc test was applied. Statistical significance was assumed at P<0.05. Data are expressed as mean±standard error of mean (SEM). Statistical comparisons were performed using Prism 5 (GraphPad Software, La Jolla, CA).
Results

Dsg2-Mediated Binding Events Are Enhanced at Cell-Cell Contacts in Response to β-Adrenergic Signaling
Atomic force microscopy (AFM) was applied to simultaneously study the topography of living cardiac myocytes, the distribution of transmembrane adhesion molecules, and their binding properties. 21 
Novelty and Significance
What Is Known?
• The intercalated disc acts as a functional unit to provide mechanical and electric coupling of cardiac myocytes for proper function of the heart. • Heart adapts to increased physical activity by increased adrenergic activity via the sympathetic nervous system. • Gap junction function is regulated by sympathetic stimulation.
What New Informations Does This Article Contribute?
• Adrenergic stimulation increases cardiac myocyte cohesion via phosphorylation of plakoglobin at serine 665 by protein kinase A.
• Increased intermyocyte cohesion seems to be important for the positive inotropic and chronotropic effect of adrenergic stimulation.
Intercalated discs, composed of desmosomes, adherens junctions, and gap junctions, mechanically and electrically couple cardiac myocytes to enable proper function of the heart. Activation of the sympathetic nervous system is important for regulation of heart function and is known to regulate gap junctions. Here, we demonstrate that sympathetic stimulation increases intercellular cohesion of cardiac myocytes. Phosphorylation of the plaque protein plakoglobin at serine 665 by protein kinase A was associated with an increased force of desmoglein 2-mediated binding and recruitment of desmoglein 2, desmoplakin, and plakoglobin to the intercalated disc. This effect seems to be important for the positive inotropic effect of sympathetic stimulation because deficiency of plakoglobin blocked the increase in pulse pressure and heart rate in response to sympathetic activation. These findings point out a novel function of the sympathetic nervous system in the heart. This mechanism may be important in enabling cardiac myocytes to resist the increased mechanical load induced by increased activity of the sympathetic nervous system. Because plakoglobin is involved in the pathogenesis of arrythmogenic cardiomyopathy, these data may have significant clinical implications.
distribution of the desmosomal and classical cadherins on living cells of the murine cardiac myocyte cell line HL-1. 24 A functionalized tip of a flexible AFM cantilever is repeatedly approached to and indented into the cell surface and retracted again ( Figure 1A , left). Binding events between cellular adhesion molecules and the tip-linked proteins are detectable by monitoring the deflection of the cantilever with measurement of the force required to rupture these interactions (referred to as unbinding force 25 ; Figure 1A , right). For adhesion measurements, a region of 1.25 μm×5 μm containing 16×64 measurement points was selected bridging the border of 2 adjacent cells ( Figure 1B) . Under baseline conditions, a homogenous distribution of Dsg2-mediated binding events was detectable both at cell borders, as well as on the cell surface away from these areas ( Figure 1C ). This is in line with the existence of cadherins not connected to intercellular junctions, which are thought to form a reservoir for the turnover of these junctions. 26 To enhance sympathetic signaling, the β-adrenergic agonist isoprenaline (Iso) or a combination of the adenylyl cyclase activator forskolin and the phosphodiesterase-4 inhibitor rolipram (F/R) were applied. Förster resonance energy transfer and ELISA (enzyme-linked immunosorbent assay measurements) confirmed increased cAMP levels after treatment with both mediators in HL-1 cells after 10 and 60 minutes, respectively (Online Figure I) . β-Adrenergic stimulation by Iso or F/R caused redistribution of Dsg2 binding events toward cell borders, whereas the total number of binding events was not changed (Figure 1C through 1E ). Dsg2-specific binding was demonstrated by significant reduction in the number of binding events after incubation with a monoclonal antibody targeting the extracellular domain of Dsg2 (Online Figure  IIA and IIB). Blocking of specific Dsg2-Dsg2 interactions by monoclonal antibody targeting the extracellular domain of Dsg2 was confirmed in cell-free environment with a Dsg2-coated tip probed on a Dsg2-coated mica (Online Figure IIC) . To quantify changes in the localization of binding events, we defined the ratio of the percentage of Dsg2-mediated binding events on the cell border (10-pixel-width area at cell-cell contact) versus the percentage on the surface (remaining cell area; Figure 1D ). This distribution ratio was significantly increased after addition of F/R or Iso, respectively. In sharp contrast, no redistribution of N-Cad binding was induced by increased cAMP (Online Figure IID and IIE). Interestingly, after adrenergic stimulation, the force necessary to disrupt the binding between tip-coupled Dsg2 and the surface of HL-1 cells significantly increased ≈10% ( Figure 1F ).
β-Adrenergic Stimulation Increases Cardiac Myocyte Cohesion In Vitro and Ex Vivo
To determine whether adrenergic stimulation is effective to modulate cardiac myocyte cohesion, we used a dispase-based dissociation assay in vitro 5 and established a dissociation assay in murine heart slice cultures. The fragment numbers after application of defined mechanical stress to HL-1 monolayers were significantly reduced under both Iso and F/R treatment for 60 minutes (Figure 2A ), demonstrating increased cohesion of cardiac myocytes by β-adrenergic stimulation in vitro. To evaluate whether adrenergic signaling would not only alter overall cell cohesion but also the quality of binding, we studied whether hyperadhesion also exists in cardiac myocytes. This phenomenon, describing an enhanced adhesion state independent of Ca 2+ , has been established for keratinocytes. 27 Cardiac myocyte cultures pretreated with Iso or F/R were incubated with the Ca 2+ -chelator ethylene-bis(oxyethylenenitrilo)tetraacetic acid for 90 minutes before shear stress was applied. Under these conditions, adrenergic signaling largely blunted the effect of ethylene-bis(oxyethylenenitrilo)tetraacetic acid, indicating that cAMP rendered cardiac myocytes hyperadhesive ( Figure 2B ). To measure intercellular adhesion ex vivo, we modified the dispase-based dissociation assay for heart slices: transversal murine heart slices were treated as indicated and incubated with a dispase-collagenase mix afterward to dissolve integrin binding and subsequently subjected to defined mechanical stressing. The number of intact single cardiac myocytes released from the slices was counted and used as an indirect measurement of cardiac myocyte cohesion. These single cardiac myocytes were viable, contracted spontaneously, and displayed an intact sarcomere system and ICD (Online Figure III) . To validate this assay, ethylenebis(oxyethylenenitrilo)tetraacetic acid 10 mmol/L was applied for 60 minutes before incubation with dissociation buffer to disrupt total cadherin binding, which drastically enhanced the number of cardiac myocytes released from the slices (>6-fold of control; Figure 2C , right). The absolute numbers of cells released from consecutive slices under control conditions did not vary significantly (data not shown). In line with the dissociation assays performed in cultured cells, numbers of intact dissociated cardiac myocytes were decreased by Iso or F/R treatment for 60 minutes ( Figure 2C ), indicating enhanced cohesion of cardiac myocytes by sympathetic signaling ex vivo.
β-Adrenergic Stimulation Increases Desmosomal Molecules at Cell-Cell Border In Vitro and Ex Vivo
Increased adhesion in response to β-adrenergic signaling was paralleled with pronounced junctional reorganization. Under control conditions in HL-1 cells, Dsg2 immunostaining appeared in a punctuated fashion along cell borders, while N-Cad staining displayed a continuous linear signal at cellcell contacts ( Figure 3A ). After incubation with Iso or F/R, the areas with Dsg2 staining at the cell border were significantly enhanced, and mean length of the single Dsg2 signal was elongated at cell borders, whereas N-Cad staining was unchanged (Figure 3A through 3D ; Online Figure IVA) . To exclude the possibility of increased Dsg2 staining at the cell border through uncovering of epitopes detected by the Dsg2 antibody, HL-1 cardiac myocytes were transfected with a green fluorescent protein-tagged Dsg2 construct (Dsg2-GFP) and treated with Iso or F/R, respectively. Exogenous Dsg2-GFP presented comparable effects as endogenous Dsg2 detected by immunostaining with signal increase at cell borders and reduction on the cell surface, visible in color-coded zstack height projections (Online Figure IVB) . Similar to the appearance in HL-1 cells, Dsg2 displayed a punctuated staining at the ICD in cardiac slice cultures, whereas N-Cad was distributed linearly. Enhancing cAMP levels significantly increased the area of Dsg2 signal compared with the area of N-Cad staining at the ICD ( Figure 3E ). Similar results were obtained when whole murine hearts were perfused ex vivo with 2 μM Iso in a Langendorff setting (Online Figure IVC) . On the ultrastructural level, the plaques of intercellular junctions of HL-1 cells were elongated under these conditions as shown by transmission electron microscopy ( Figure 3F ). Combined with the results from AFM experiments, these findings demonstrate a rapid translocation of Dsg2 to cell-cell contacts as a result of enhanced sympathetic signaling, which correlated with strengthened cardiac myocyte cohesion.
To investigate the underlying mechanisms by which cAMP causes Dsg2-mediated positive adhesiotropy, we biochemically characterized composition of Dsg2-containing complexes. The total protein amounts of Dsg2 or of the other desmosomal components Pg, Dp, and Pkp2 were not altered by F/R treatment (Online Figure VA) . Furthermore, no changes in the composition of desmosomal complexes were detectable by immunoprecipitation of Pg, Dp, and Pkp2 with Dsg2 after cAMP enhancement (Online Figure VA) . Also, Triton-X-extraction assay with separation of the cytoskeletal-bound proteins from the noncytoskeletal-bound proteins showed no difference in the distribution of desmosomal proteins between the 2 pools (Online Figure VB) .
We further explored if changes in the mobility of Dsg2 molecules in desmosomal cell contacts at the cell border contribute to adrenergic effects and performed fluorescence recovery after photobleaching experiments with Dsg2-GFP-transfected HL-1 cardiac myocytes. Interestingly, after photobleaching of a cell junction area exhibiting a homogeneous Dsg2-GFP signal, there was nearly no Dsg2-GFP signal recovery detectable under control conditions within 180 s. Measuring a second comparable Dsg2 signal of the same cell after adding F/R to the culture media for 10 minutes showed a significantly higher recovery of the fluorescence intensity after bleaching with an increased mobile fraction of Dsg2 molecules ( Figure 3G and 3H). This indicates an increased mobility of Dsg2 molecules in cell contacts after adrenergic stimulation, which may contribute to the increase of Dsg2 signals at cell borders and the increase of cell cohesion. Besides Dsg2, Pg, and Dp staining along cell junctions was enhanced after treatment with Iso or F/R (Figure 3I and 3J) . In contrast, Pkp2 and Dsc2 did not undergo comparable translocation ( Figure 3K ). In summary, these data are in agreement with the concept that enhanced mobility of Dsg2 which, together with Pg and Dp, shifts toward cell junctions, which may increase cardiac myocyte cohesion in response to β-adrenergic signaling.
Pg Deficiency Abrogates the β-Adrenergic Effects on Cell Cohesion, Dsg2 Distribution, and the Physiological Response After β-Adrenergic Challenge
We observed translocation of Pg together with Dsg2 on adrenergic stimulation. Pg is well established to be essential for cardiac myocyte function and was shown to be downregulated in many arrythmogenic cardiomyopathy patients. 28 To study the role of Pg on cAMP-enhanced cardiac myocyte cohesion and function, we generated cardiac-specific Pg-deficient mice (Pg KO) similar to a previous approach. 7, 8 These mice were recapitulating the arrythmogenic cardiomyopathy phenotype with development of a progredient cardiac hypertrophy, fibrosis, and cardiac dilatation as described earlier (Online Figure VIA  through VIC) . Intriguingly, in Pg-deficient hearts of 2-weekold mice, before fibrosis and hypertrophy became evident, Dsg2 was largely reduced, whereas levels and localization of Dsc2, N-Cad, or other desmosomal and adherens junction components was not altered except a significant increase of β-catenin presumably to compensate for loss of Pg (Online Figures VID, VIE, and VII) . 7, 8, 29 These data indicate that Pg may be important for turnover and function of Dsg2 and that loss of Dsg2 occurred prior to cardiac hypertrophy and fibrosis. These finding are similar to previous studies showing that distribution of N-Cad in contrast to Dsg2 was not altered by Pg deficiency. 7, 8 However, in the first report, localization of Cx43, Pkp2, and Dp at the ICD was impaired in addition to Dsg2. Because in contrast to our mouse model, Pg depletion was induced between the age of 6 to 8 weeks, it is possible that loss of these ICD components are a result of the different knockout approaches.
Next, we exposed transversal heart slices of 2-week-old mice to dissociation assays. Under baseline conditions, the mean number of single cells from Pg-deficient heart slices was higher than that from wild-types (WT), but differences were not significant (22.67±3.68 versus 16.42±3.46; P=0.238). However, in contrast to WT controls, both Iso and F/R were not effective to increase cell cohesion in slices from Pg KO animals ( Figure 4A ). This suggests that Pg is required to enhance Dsg2-mediated cardiac myocyte cohesion in response to β-adrenergic signaling. To investigate whether Pg is required for cardiac myocytes to adapt to β-adrenergic challenge on the physiological level, we performed ex vivo heart perfusion in a Langendorff setup. 5 Basal pulse pressure was similar in retrograde-perfused 10-week-old WT and Pg KO hearts. However, Pg KO hearts failed to increase the pulse pressure amplitude in response to Iso treatment, which rapidly occurred in WT hearts ( Figure 4B ). This indicates reduced inotropy in murine hearts lacking Pg. Also the positive chronotropic response was blunted in Pg-deficient hearts, which did not respond with increased heart rate after Iso treatment ( Figure 4C ). Perfused hearts were further analyzed by immunostaining for N-Cad and Dp. After 10-minute Iso perfusion, the ICDs of Pg KO appeared widened or even ruptured, which was absent in Pg KO hearts not challenged in a Langendorff setup ( Figure 4D ). This indicates that Pg KO ICDs fail to sufficiently adapt to the Figure 4 . Enhanced cardiac myocyte cohesion and pulse pressure increase in response to β-adrenergic signaling are plakoglobin (Pg)-dependent. A, Dissociation assays of heart slices of 2-week-old wild-type (WT) or cardiac-specific Pg knockout (Pg KO) mice (3 mice WT, control and isoprenaline (Iso) n=7, forskolin/rolipram (F/R) n=6; 4 mice Pg KO, control, and Iso n=9, F/R n=8); ns P>0.05 and *P<0.05 vs control, #P<0.05. B, Cumulated pulse pressure and (C) heart rate graph of ex vivo perfused hearts of 10-week-old WT or Pg KO mice in a Langendorff setting. Bars mark time of addition of Iso to the perfusion solution (n=5-6). *P<0.05 vs corresponding WT time point. D, Representative immunostainings of heart sections not exposed to Langendorff setting in the upper row in comparison to images of heart sections derived from B and C after 10-minute Iso treatment in the lower row stained for desmoplakin (Dp; green) and N-cadherin (N-Cad; red; white boxes mark zoomed areas, scale bar: 5 μm; n=6). Arrows mark completely ruptured ICDs, scale bar: 25 μm. increased adhesive demand elicited by β-adrenergic signaling, which may explain the reduced inotropy.
To study the effects of Pg depletion on cAMP-enhanced cardiac myocyte cohesion in more detail, Pg expression was suppressed by small interfering RNA (siRNA) specific for Pg and nontargeting siRNA in HL-1 cardiac myocytes. In dissociation assays, Pg silencing significantly increased the number of fragments from 7.2±0.7 to 15.4±3.1 under control conditions and, thus, reduced basal cardiac myocyte cohesion.
Moreover, similar to the Pg-deficient mouse model, Pg silencing blunted the positive impact of adrenergic signaling on cell cohesion and reduced the amount of Dsg2 in HL-1 cells ( Figure 5A and 5B). To test Pg-dependency of the Dsg2 shift toward the cell border in response of F/R treatment by AFM, siRNA specific for Pg and nontargeting siRNA were labeled with the fluorophore cy3 and transfected into HL-1 cardiac myocytes to detect Pg knockdown in living cells ( Figure 5C ). AFM measurement with a Dsg2-coated tip were performed on areas, including the cell-cell border of 2 cardiac myocytes containing siRNA ( Figure 5D ). Pg silencing completely blocked the redistribution of Dsg2-mediated binding events to the cell border, indicating the Dsg2 shift toward the cell border to be dependent on Pg (Figure 5E and 5F).
β-Adrenergic Effects on Dsg2 Distribution and Cardiac Myocyte Cohesion Are Dependent on Phosphorylation of Pg at S665
To elucidate possible mechanisms by which cAMP regulates Dsg2 binding in Pg-dependent manner, we investigated whether the effects of adrenergic signaling were mediated by PKA or Epac/Rap1. The cAMP-mediated increase of cell cohesion was blocked after PKA inhibition by preincubation with the PKA inhibitor H89 for 60 minutes, whereas the PKA activator 6-Bnz-cAMP strengthened cell cohesion similar to F/R in vitro (Online Figure VIIIA) . Cohesion of cardiac myocytes treated with a combination of siRNAs for the PKA catalytic subunits α and β to specifically inhibit PKA 30 failed to increase after F/R treatment compared with nontargeting siRNA (Online Figure VIIIB) . Ex vivo dissociation assay revealed similar results as in vitro experiments (Online Figure VIIIC) . The selective activation of the Epac/Rap1 pathway by O-Me-cAMP had an inconsistent but not significant effect, indicating that effects of adrenergic signaling on cell cohesion were primarily PKA dependent (Online Figure VIIIA) . Nevertheless, our data do not rule out an additional effect of Epac signaling, which may also indirectly enhance signaling of PKA. 31, 32 In line with the important role of PKA, preincubation with H89 abrogated F/R-mediated effects on reorganization of Dsg2 staining at HL-1 cell junctions (Online Figure VIIID) , as well as on the redistribution of Dsg2-mediated binding events as detected by AFM (Online Figure VIIIE and VIIIF) . In contrast, 6-BnzcAMP promoted junctional redistribution of Dsg2 comparable to F/R treatment (see Figure 3A) . These data suggested that PKA-mediated phosphorylation of Pg may be important. Because phosphorylation of desmosomal proteins is known to modulate desmosomal function and assembly, 33, 34 we used the Phos-tag approach to visualize changes in the phosphorylation state of junctional proteins in response to increased cAMP. Here, in an SDS-PAGE, phosphorylated proteins migrate slower compared with unphosphorylated molecules, and the lowest band represents unphosphorylated proteins or the basal phosphorylation state. Changes in phosphorylation are reflected by a change in the ratio between the upper band(s) versus the lowest band. An Iso-and F/R-induced increase of Pg phosphorylation was visible as increased ratio of upper (**) versus lower (*) migrating band, which was reduced by siRNAs for the PKA catalytic subunits α and β to specifically inhibit PKA ( Figure 6A ). In contrast, Dp phosphorylation did not significantly change ( Figure 6B ). No clear phosphorylation bands were obtained for Dsg2 and Pkp2 (data not shown). Indeed, phosphopeptide-specific mass spectrometry identified 2 phosphorylation sites within the Pg sequence unambiguously localized to S182 and S665, respectively. After normalization of phosphopeptide abundances to the amount of Pg in the respective sample, we observed a 2-fold increase in phosphorylation of S665 on F/R stimulation, whereas S182 phosphorylation levels remained unchanged ( Figure 6C ).
To ascertain the role of Pg-S665 phosphorylation, we generated the phospho-deficient mutant Pg-GFP-S665A with Pg-GFP-WT as control ( Figure 6D ). Phosphorylation of Pg at this site in response to cAMP elevation was confirmed by the absence of increased phosphorylation of Pg-GFP-S665A transfected in HL-1 cardiac myocytes ( Figure 6E ). According to the pkaPS Predictor (http://mendel.imp.ac.at/pkaPS), 35 S665, among other less likely sites, is predicted as most probable PKA-specific phosphorylation site in Pg. To test this, we performed in vitro kinase assays with the PKA catalytic subunit in comparison to protein kinase Cα. In accordance with >1 putative PKA phosphorylation motif, recombinant WT Pg showed 2 additional bands (p1 and p2) in presence of PKA but not PCKα, probably representing 2 sites phosphorylated by PKA in vitro ( Figure 6F ). In contrast, phosphorylation state p2 was absent in phospho-deficient Pg S665A mutant, which demonstrates that S665 is directly phosphorylated by PKA.
When we tested the functional effects of the phospho-deficient mutant in HL-1 cells, Pg-GFP-S665A transfection in contrast to Pg-GFP-WT largely prevented F/R-mediated increase in cell cohesion ( Figure 6G ). In these experiments, the amount of exogenous Pg was roughly 30% of the endogenous Pg. Also the increase of Dsg2 staining at the cell junctions by adrenergic stimulation was reduced at joint cell borders of cells expressing the phospho-deficient mutant compared with WT controls ( Figure 6H ). Finally, in AFM measurements on a region spanning the cell-cell border of 2 transfected cardiac myocytes, expression of Pg-GFP-S665A but not of Pg-GFP-WT prevented the shift of Dsg2-mediated binding events from the cell surface toward the cell border ( Figure 6I and 6J) and abrogated the increase in the mean unbinding forces ( Figure 6K) .
Altogether, these data demonstrate that positive adhesiotropy to strengthen cardiac myocyte cohesion associated with Dsg2 translocation to cell borders is mediated by phosphorylation of Pg at S665 by PKA.
Discussion
In the present study, we describe a signaling mechanism regulating cardiac myocyte cohesion and provide first evidence for enhancement of cardiac myocyte cohesion as a novel function of adrenergic signaling in the heart, a phenomenon we refer to as positive adhesiotropy. Mechanistically, cAMP-induced translocation of Dsg2 to cell borders was found to be associated with ICD plaque reorganization and cardiac myocyte hyperadhesion. We provide evidence that cAMP-mediated recruitment of Dsg2 to cell borders as well as enhanced Dsg2 binding strength and overall cardiac myocyte cohesion are dependent on PKA-mediated phosphorylation of Pg at S665.
From studies on keratinocytes, it is known that desmosomal contacts form signaling hubs to regulate signaling pathways, including p38MAPK, protein kinase C, and Src, which control cell cohesion and migration. 26, 36, 37 For cardiac myocytes, data on the pathogenesis of arrythmogenic cardiomyopathy also reveal that desmosomal components in the ICD regulate signaling mechanisms important for differentiation and conduction of excitation in cardiac myocytes such as glycogen synthase kinase 3β or Wnt. 38, 39 However, it is unclear how intercellular cohesion of cardiac myocytes is regulated. We provide evidence that adrenergic signaling enhances cardiac myocyte cohesion and Dsg2 binding strength, as well as recruitment of Dsg2 to intercellular contacts, which become elongated under these conditions. The result that β-adrenergic signaling fosters desmosomal intercellular cohesion is in line with previous studies from keratinocytes. 40, 41 We found that the effects of β-adrenergic signaling and Dsg2 redistribution were dependent on Pg expression and its phosphorylation at S665 by PKA. Thus, depletion of Pg as well as expression of a Pg-mutant phospho-deficient at S665 abolished Dsg2 recruitment, enhancement of Dsg2 binding strength, as well as of overall cardiac myocyte cohesion. Similar to regulation of desmosomes in keratinocytes, 40 PKA activity was required for recruitment of Dsg2-specific binding events, formation of Dsg2-positive cell contacts, and for increased cell cohesion. Moreover, in vitro kinase assays revealed that Pg phosphorylation at S665 is directly mediated by PKA but not protein kinase Cα. Interestingly, PKA-dependent phosphorylation of Pg was reported before to compensate for loss of β-catenin at cell junctions. 29, 42 Strikingly, Pg-deficient hearts displayed a loss of Dsg2 from ICDs in hearts of 2-week-old mice, which did not yet show any signs of cardiac hypertrophy or fibrosis, indicating that Pg may be necessary for proper turnover or localization of Dsg2 at ICDs. Because expression of other desmosomal components, such as Dsc2, Pkp2, and Dp, as well as of the adherens junction proteins N-Cad and αT-catenin, were not significantly reduced by Pg-deficiency, these data indicate that Pg may be important specifically for Dsg2 turnover and function. However, it cannot be ruled out that other ICD components are involved to enhance cardiac myocyte cohesion and to adopt a hyperadhesive state, especially because Dp is also enhanced at cell junctions after adrenergic stimulation. Because we found Dsg2 to be more relevant for cohesion and function of cardiac myocytes than N-Cad 5 and N-Cad localization did not change in response to β-adrenergic signaling, all these observations are in line with the hypothesis that primarily desmosomal adhesion molecules are important for integrity of gap junctions. Nevertheless, cAMP-dependent enhancement of N-Cad staining at cell borders, at least during cardiac myocyte junction assembly, was reported previously. 19 Moreover, it is known that N-Cad localization does not need to change to have dramatic effects on its interaction with Cx43 and gap junction remodeling, 43 so an implication of N-Cad cannot be ruled out based on our data.
We found that Dsg2 was more mobile on adrenergic stimulation and was rapidly recruited to intercellular junctions in parallel with Pg and Dp. It is possible that the proteins shift together as a complex, which would explain why neither the association of desmosomal plaque proteins with Dsg2 nor the cytoskeletal anchorage of desmosomal components was altered by adrenergic signaling. In addition, increased cAMP rendered cardiac myocyte cohesion independent of Ca 2+ , a state referred to as hyperadhesion and previously known in keratinocytes only. This result indicates that the enhanced binding strength of Dsg2 molecules is paralleled by a qualitative change of overall cell cohesion toward a mature Ca 2+ -independent state. The hyperadhesive state is assumed to be achieved by conformational rearrangement and the configuration of the desmosomal cadherin extracellular domains associated with changes in the binding patterns and organization of desmosomal molecules. 27 It is further hypothesized that hyperadhesion is regulated by phosphorylation of desmosomal components, 27 which is assumed to generate a signal that leads to a conformational change in the extracellular domains of desmosomal, rather than of classical cadherins. 44 Because we found that Pg was phosphorylated on adrenergic stimulation, it is possible that phosphorylation of Pg induces the recruitment of Dsg2 together with Pg and Dp to stabilize ICDs which, by altered clustering of Dsg2, may induce hyperadhesion and increased overall cardiac myocyte cohesion. However, more refined studies on the mechanisms underlying hyperadhesion are required.
Besides impaired enhancement of intercellular adhesion, we observed that Pg-deficient hearts in Langendorff experiments failed to respond to adrenergic challenge with adequate increase of pulse pressure and heart rate and exhibited rupture of ICDs after 10 minutes of perfusion with Iso. We cannot exclude that the reduced cardiac response to adrenergic stimulation in Pg-deficient hearts is because of secondary changes, such as hypertrophy and fibrosis, occurring in transgenic mice. Alternatively, these data may indicate that Figure 6 Continued. as control to exclude protein fragmentation (siNT n=8 or 7; siPKA n=10 or 8; siNT+F/R n=8 or 6; siPKA+F/R n=7 or 5; siNT+Iso n=7 or 6; siPKA+Iso n=6 or 5 for Pg or Dp, respectively). C, Phosphopeptide-specific mass spectroscopy analysis of HL-1 lysates after Pg pull-down showing the intensity of phosphopeptides containing the indicated phospho sites after F/R treatment normalized to control (n=3). D, Schematic diagram of the green fluorescent protein (GFP)-tagged Pg mutant with phospho-deficiency at serine 665 (Pg-GFP-S665A) and corresponding control wild-type mutant (Pg-GFP-WT). E, Phos-tag SDS-PAGE in HL-1 cell lysates transfected with Pg-GFP-WT or Pg-GFP-S665A and immunoblotting for GFP to specifically label exogenous Pg. Phosphorylation is visible as upper band (**) compared with baseline status (*; n=5). F, In vitro kinase assay of recombinant glutathione s-transferasetagged Pg proteins (Pg-GST-WT, Pg-GST-S665A) incubated with PKA catalytic subunit or protein kinase Cα (PKCα), respectively. Lower phosphorylation state is marked with p1, while p2 marks higher phosphorylation state compared with the unphosphorylated protein nonphos (n=6 different bacterial clones) the positive adhesiotropic function is closely coupled with positive inotropic and chronotropic effects of β-adrenergic signaling and is crucial for ICD integrity. Taking into account that Dsc2 and Dp similar to N-Cad were present at ICDs in Pg-deficient hearts, which did not exhibit a significant positive adhesiotropic, inotropic, and chronotropic response, our data suggest that Pg via regulation of Dsg2 binding is important for β-adrenergic modulation of heart function. Sympathetic signal transduction has been shown to enhance conduction velocity and gating function of gap junction by upregulation, as well as fostering the accumulation of gap junction components at cell-cell borders. [18] [19] [20] In this context, it has been proposed that cAMP via Epac/Rap1 and protein kinase C signaling causes phosphorylation of Cx43. 45, 46 Because the data presented here reveal that cAMP elevation not only strengthens electric but also mechanical coupling of cardiac myocytes and given the fact that the ICD acts as a functional unit, 1, 47 our results suggest that the positive effect of cAMP on gap junction communication may at least in part be mediated indirectly by enhancing desmosomal adhesion, especially because desmosomal proteins of the ICD have been shown to regulate gap junction structure and function on several levels. In fact, previous data showed that desmosomal adhesion is crucial for maintenance of basal heart rate and adequate responses of murine hearts to β-adrenergic signaling. 5, 15 This could be attributed to regulation of expression, membrane targeting, and cytoskeletal anchorage of Cx43 and Na v 1.5 by virtual all the different desmosomal components. [5] [6] [7] [8] [9] [10] [11] [12] [13] 48 Taken together, our study reveals that adrenergic signaling strengthens Dsg2 binding and overall cardiac myocyte cohesion. Because the β-adrenergic receptor is directly located at ICDs and Dsg2 binding is important for cardiac myocytes to maintain basal heart rate, 5 desmosomal adhesion seems to be critical for sufficient electric coupling of cardiac myocytes under resting conditions, and positive adhesiotropy of cardiac myocytes in response to adrenergic stimulation may be important for adaption of heart function to sympathetic activity.
